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Abstract
The far ultraviolet background images from the Galaxy Evolution Explorer were used
to examine the reported diffuse 105 6 K gas component in galaxy clusters. To remove
the scattered starlight from dust component to the UV background the 100 micron
images of Schlegel, Finkbeiner, and Davis were used. No confirmations are reported,
with upper limits on the UV flux  10 15 erg s 1 cm 2 A˚ 1. This is many orders of
magnitude above what would be expected from a blackbody at 107 K. The upper limits
on ultraviolet flux are compared with ultraviolet emission from elliptical galaxies and
the cluster’s X-ray luminosity. The inability to completely remove the dust component
and the presence of residual emission from bright galaxies limited the results.
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1 Introduction
While host from hundreds to thousands of galaxies, upwards of 90% of the observable
mass in galaxy clusters lies in the form of a hot 107 8 K gas component (Hilton et al.,
2013). The presence of this gas was first discovered through X-ray emission, consistent
with being formed thermally from bremsstrahlung radiation (Sarazin, 1988).
While such temperatures were initially unexpected, they are consistent with intr-
acluster particles having the same motion as galaxies within the cluster, with kT 
mp
2
v , where v is the velocity dispersion of the cluster ( 103 km s 1). Such tem-
peratures ultimately arose from the gravitational infall of the proto-cluster mass (Rosati
et al., 2002).
Recent discoveries have hinted at another warm gas component to galaxy clusters,
with temperatures around 105 6 K. Lieu et al. (1996a,b) were the first to report this
soft X-ray excess emission with observations from the Extreme Ultraviolet Explorer.
Follow up studies by others have also suggested a soft X-ray excess in several nearby
galaxy clusters (Bonamente et al., 2002; Durret et al., 2002; Nevalainen et al., 2003;
Zappacosta et al., 2005).
These finding have not been proven conclusive, however. Problems with estimating
background/foreground emission and instrument calibration are at the center of the
dispute (Bowyer et al., 1999; Durret et al., 2008). Furthermore, it appears that the
expected signal is too small to be conclusively confirmed with the current generation
of telescopes (Dolag et al., 2006). The major difficulty with observing has to do with
the low emission and absorption of gas at 105 6 K (Dave´ et al., 2001).
The origin of where such an excess could come from is also a matter of debate.
Rather than originating from a gas component within galaxy clusters, the excess emis-
sion could originate from the filaments (Finoguenov et al., 2003; Kaastra et al., 2003),
or result from inverse Compton scattering by relativistic electrons in the intracluster
medium (Sarazin and Lieu, 1998; Werner et al., 2007).
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To shed light on this matter computer simulations have been used. Employing the
large cosmological simulation from Borgani et al. (2004), Cheng et al. (2005) extracted
20 galaxy clusters to look for a soft X-ray excess. They observed a significant excess
(compared with a one-temperature plasma model) within the virial region of galaxy
clusters. The soft X-ray excess was observed to come from gas with high density, low
entropy and was associated with merging sub-groups rather than a diffuse 105 6 K gas
component or the filaments. A non-thermal origin for the excess emission could not be
ruled out, however.
To search for a 105 6 K gas component in galaxy clusters, use of the Galaxy Evo-
lution Explorer was made, which provides images in the ultraviolet (1350-2750 A˚).
Sky background images, which have UV sources removed, were used to search for an
excess UV emission associated with galaxy clusters.
The main component to the diffuse UV background is scattered starlight from dust.
This can be seen in not only the high correlation between the near and far UV, but
between the UV and the infrared (Murthy et al., 2010). An attempt to remove this
component was made using the 100 micron images from Schlegel, Finkbeiner, and
Davis (1998).
In section 2 the data and satellite will be mentioned. Image processing will be
discussed in section 3. In section 4 the results of the dust-subtraction will be analyzed,
upper limits on the UV flux will be established, and the problems inherent in looking
for an excess UV emission will be mentioned.
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2 Data
The Galaxy Evolution Explorer (GALEX) was launched in 2003, operating in the ul-
traviolet regime. It consists of two bands, a far UV (FUV) band (1350 - 1750 A˚) and a
near UV (NUV) band (1750 - 2750 A˚), with resolutions of 4.2” and 5.3” respectively.
GALEX has three main surveys: an All Sky Imaging Survey (AIS), Medium Imag-
ing Survey (MIS), and a Deep Imaging Survey (DIS), with integration times of approx-
imately 100, 1500, and 30000 seconds respectively (Martin et al., 2005).
In addition to the intensity images, sky background images are provided, which are
estimates of background flux and subtracted from the intensity images to compute pho-
tometry. Due to the dark nature of the UV sky, Poisson statistics were used to remove
bright UV sources such as galaxies. From the source-subtracted image a background
estimate was made using 192” and 96” bins for integration times less than and greater
than 10,000 seconds respectively. The background estimates were then smoothed to
create a sky background image (Morrissey et al., 2007). These steps were done using
the program SExtractor (Bertin and Arnouts, 1996).
A sample of 19 galaxy clusters were taken, occupying 20 GALEX MIS tiles; nine
tiles covering the nearby clusters Coma, Fornax, and Virgo were also selected. Due to
a ring artifact in the NUV images, only the FUV tiles were used. Tile information can
be found in Table 1.
Tomap the dust within the UV image, the 100micron images of Schlegel, Finkbeiner,
and Davis (1998) were used. These were chosen over IRAS/IRIS due to the removal
of infrared sources.
For purposes of locating the cluster in the UV image, X-ray images from the
ROSAT All Sky Survey (RASS-Cnt Broad) were chosen.
In this paper SKY will denote the GALEX sky background images, SFD will de-
note the Schlegel, Finkbeiner, and Davis 100 micron images, and XRAY will denote
the ROSAT images.
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3 Image Processing
3.1 Convolving
To compare images between GALEX, ROSAT, and SFD they must first be brought
to the same resolution. The SFD 100 micron images have 366 arcsecond resolution,
the GALEX MIS FUV background images have 192 arcsecond resolution, and the
ROSAT X-ray images have 45 arcsecond resolution. All images were convolved to
400 arcseconds using the convl package in AIPS. The SFD and XRAY images were
resized to match GALEX in both pixel size (3840 3840 pixels) and angular coverage
on the sky.
Convolving has the effect of changing the value (units) at each pixel. To undo this
values from the convolved images were divided by (400=R0)2, whereR0 is the original
resolution of the image in arcseconds.
Values at pixel positions that were not within the aperture of the original SKY
image were set to zero in the convolved SFD, SKY, and XRAY images.
3.2 Effective Aperture
To determine how much of an affect the aperture, dither pattern, and convolving have
on count rates in the SKY image, plots between angular distance (from center of image)
and the SKY value were made for each tile. It was found that after 0.5 degrees the SKY
values begin to diminish. A plot of this is shown in Figure 1.
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Figure 1: The SKY value plotted as a function of distance from the center of the image
for MIS 01. There is a significant drop in SKY values beyond 0.5 degrees due to the
aperture, dither pattern, and convolving. Every 10,000th pixel is plotted within 0.58
degrees (1400 pixels) of the center.
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3.3 Removing the Dust Component
The relationship between the 100 micron infrared dust maps of Schlegel, Finkbeiner,
and Davis and the GALEX FUV background images is demonstrated in Figure 2. The
positive correlation is due to scattered starlight from dust being the primary source of
the UV background.
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Figure 2: A plot of SKY values versus SFD values for tile MIS 05. The positive
correlation is due to the scattered starlight from dust component to the UV background.
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To remove the dust component to the UV background two basic methods were
tried. The first method used a scaling factor to create a dust background image,
DUSTBG = k  SFD
Where k is some constant to be determined and will vary from tile to tile. The best fit
value of k was found by taking the ratio of the average SKY and SFD values within a
0.5 degree aperture, namely
r =
mean(SKY )
mean(SFD)
(1)
Then a parameter p was introduced and varied from 0.00 to 1.00 in steps of 0.01 and
multiplied by r to obtain a scale factor k,
k = p  r (2)
A difference (dust-subtracted) image was then made such that
DIFF = SKY   k  SFD (3)
and the root mean square (RMS) of the DIFF image within a 0.5 degree aperture was
computed. The k that produced the lowest RMS was taken as the best scale factor. This
process was done for each MIS tile in Table 1.
The second method revolved around using a linear fit between the SFD and SKY
image so that
SKY = m+ b  SFD
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The resulting best fit parameters m and b were then used to create a UV dust back-
ground image,
BGDUST = m+ b  SFD (4)
and then subtracted from the SKY image to create a difference image,
DIFF = SKY  BGDUST (5)
The effect of the linear fit made no improvement on the results of the scale factor.
To try and improve on thism and b were varied based on the best linear fit; the results
were only marginally better and comparable to the scale factor. Due to its single pa-
rameter k, the results of the scale factor were used. The SKY, SFD, and DIFF images,
along with a graph of SKY versus SFD for each tile, can be found in Figures 4 - 23.
3.4 Locating the Cluster
To locate the cluster within GALEX images from the ROSAT All-Sky survey were
used. After convolving and resizing the XRAY image, all pixels that had an X-ray
flux less than half of the cluster peak value were set to zero, as well as any non-
cluster sources, to create an X-ray image representing the full width at half maximum
(FWHM) of the galaxy cluster. The pixel locations with non-zero X-ray flux corre-
spond to where the cluster is located in the SFD, SKY, and DIFF images.
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4 Analysis
4.1 Determining Cluster Contribution
To compute the UV flux from the cluster, the counts of all pixels within the FWHM
were summed to deduce a total cluster contribution.
For the background estimate, the average count rate of all pixels within 0.5 degrees
of the center of the tile that were not part of the cluster’s FWHM was computed. This
value was then multiplied by the size of the cluster’s FWHM (in pixels) to deduce a
background estimate.
To determine the significance of the cluster flux compared to the background esti-
mate, the root mean square of the background was computed and the significance of
the cluster flux was found. A histogram of standard deviations is shown in Figure 3 for
the SKY and DIFF images. More information may be found in Tables 2 - 3.
To convert the units from photons per second to cgs units, the following equation
was used:
F

erg
scm2A˚

= 1:40 10 15CPS (6)
where CPS is the counts per second.1 The A˚ dependence can be removed by multiply-
ing by the bandwidth, 442 A˚.
1http://galexgi.gsfc.nasa.gov/docs/galex/FAQ/counts background.html
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Figure 3: A histogram of the cluster flux in terms of standard deviations above the
background estimate for the SKY and DIFF images. Most of the leftward trend in the
DIFF image is due to the cluster being located near the edge of the SKY aperture.
12
4.2 Effect of Dust Removal
Overall, the dust subtraction affected the fluxes only slightly, decreasing the UV flux by
a median of 21% and an average of 28%. The maximum decrease was a 67% reduction
in UV flux.
Other than the clusters near the edge of the aperture, the dust removal did little to
change the significance of the cluster emission in terms of standard deviations. For
clusters that were less than 0.47 degrees from the image center the median difference
between the DIFF and SKY images was -0.2 standard deviations.
Only one cluster (A2029, tile MIS 10) showed a significant excess of UV emission
at about 3 standard deviations. Looking at Figure 13, however, it appears that the
cluster is simply in a bright UV region of the sky, with the UV peak offset from the
cluster. This seems to suggest a 105 6 K gas component is not responsible for the
excess emission.
4.3 Upper Limits on Cluster UV Flux
Since none of the galaxy clusters surveyed showed convincing evidence for a UV gas
component, an upper limit to the UV flux will be taken as
FFUV = 2F (7)
where F is the uncertainty on the background estimate.
Given the upper limit on the UV flux (luminosity), a comparison was made with
the cluster’s X-ray luminosity in the 2-10 keV band. The results can be found in Table
4. The median ratio was LFUV =LX ray  0:20.
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4.4 Upper Limits and Elliptical Galaxies
From the upper limits we would like to get an estimate of how many elliptical galaxies
would be required to produce the same amount of flux. To do this 10 nearby ellipti-
cal galaxies were selected. To compute the flux from each object, procedures within
IDLPhot were used. The RA and DEC coordinates were converted to pixel coordinates
using AD2XY. The galaxy positions were recentered using the procedure CNTRD. The
flux was computed using the procedure APER with a 25 pixel aperture and the results
can be found in Table 5. The AB magnitudes were computed as2
mAB =  2:5 log10(CPS) + 18:82 (8)
and were largely computed as a reference.
To come up with an estimate for a typical elliptical galaxy, the fluxes of each ellipti-
cal were converted to a luminosity. The distances were taken as the median value pub-
lished from the literature and found on the NASA EXTRAGALACTIC DATABASE
(NED) website. The median luminosity was 9:2  1040 erg s 1 and was taken to
represent a typical elliptical galaxy.
The upper limit on the cluster’s UV luminosity was then divided by the median
luminosity of the elliptical galaxies and the results are displayed in Table 4. The median
number of elliptical galaxies was 160.
4.5 Estimated Contribution from Blackbody Radiation
An estimated ratio of the UV flux against the X-ray flux can be made by assuming a
gas with a blackbody temperature of 107 K. The energy distribution is given by
()d =
8hc
5
d
ehc=kT   1 (9)
2http://galexgi.gsfc.nasa.gov/docs/galex/FAQ/counts background.html
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The X-ray flux covers photons with energies from 2 to 10 keV, or wavelengths of 1 to
6 A˚. The expected ratio is then
R 1750A˚
1350A˚
 5
ehc=kT 1 dR 6A˚
1A˚
 5
ehc=kT 1 d
 5 10 8 (10)
which is many orders of magnitude below the upper limits.
4.6 Coma, Virgo, and Fornax
The lack of success in the previous sections invites an examination of more nearby
galaxy clusters. Three nearby clusters (Coma, Virgo, and Fornax) are discussed below.
Since the dust subtraction method used above was ineffective, only the SKY images
are dealt with. Three FUV SKY background images were selected for each cluster
with varying integration times. The original resolution of the GALEX image was left
unchanged, while the ROSAT X-ray image was convolved to match the SKY image in
resolution as well as resized to match in pixel size. The FWHM of the cluster in the
X-ray image was found and overlapped on the SKY image. The results can be found
in Figures 24-26.
The most noticeable feature for the Coma images are the several bright regions.
These appear to be the result of residual emission as they are associated with bright
FUV objects. One of the images (COMA 3) shows a peak in the UV near the cluster.
This image, however, has a low exposure time (only 139 seconds), making it unlikely
that the peak originates from a 105 6 K gas component.
The Fornax X-ray emission is dominated by two galaxies, which accounts for the
shape of the FWHM. All three Fornax images show significant UV emission in the
region of the cluster. However, the image with the longest exposure time shows two
peaks in the UV corresponding with the bright X-ray sources, suggesting that residual
emission is affecting the background image.
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All three images for the Virgo cluster show an excess UV emission corresponding
with the cluster’s X-ray emission (about 1 significance level). It should be noted, how-
ever, that NGC 4486 (a supergiant elliptical galaxy) in Virgo is a very bright UV object,
having a FUV flux an order of magnitude larger than many of the galaxies in section
4.4 (see Table 5). Considering the residual emission that affected the Coma and Fornax
tiles, the noted excess may stem from a small residual emission from this galaxy.
4.7 Limitations to Finding a Diffuse Gas Component
There are two major limitations affecting the results: the ineffectiveness of the dust-
subtraction method and possible residual emission from galaxies affecting the back-
ground estimate.
While there is a significant correlation between the UV and infrared for most of the
tiles used, there is also considerable scatter. Part of this scatter may originate from non-
dust sources. While Murthy et al. (2010) find the NUV and FUV to have a correlation
coefficient of 0.97, they noted that there was considerable structure in the FUV/NUV
ratio, suggesting that perhaps 20% of the FUV flux may originate from other sources
besides dust.
Assuming that the dust component is about 80% of the FUV flux, then only about
25-40% (on average) of the dust contribution was able to be removed, indicating that
much of the remaining signal is still associated with dust. In looking at Figures 4 -
23, many bright spots in the SKY image are also bright in the DIFF image. In addition
there are many patches that are dark in the DIFF image that are bright in the SFD image
and vice versa, suggesting that in some regions too much light is being removed and
in other regions not enough light is being removed. It can be noted that the infrared is
more sensitive to the column density of the dust, while geometry and local effects play
more of a role in the UV (Murthy et al., 2010; Sujatha et al., 2009); this may limit the
effectiveness of using the infrared to estimate the dust component to the UV flux.
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The SKY images of nearby galaxy clusters raise important issues as well. To es-
timate the background emission, UV sources (e.g. galaxies) have to be removed, but
therein lies the problem. If too much light is removed a signal associated with a 105 6
K gas component could be removed as well. If not enough of the galaxy signal is
removed, then a noted excess may be due to galaxies rather than a gas component.
Detecting a signal as small as the expected UV gas component is then plagued by un-
certainties with the background estimation, something that has affected more thorough
investigations.
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5 Conclusions
Given the lack of success in detecting a UV component to galaxy clusters, suggesting
improvements is the next course of action. While increasing the exposure time would
be the simplest suggestion, it is unlikely to improve matters. Tiles COMA 1 and FOR-
NAX 3 both have large exposure times compared to the other tiles used, but both also
display the clearest signs of residual emission affecting the background image. Un-
less the residual emission can be dealt with, increasing the exposure time is unlikely
to improve the results. Another problem with detecting an excess emission stems from
the inability to completely remove the dust component to the UV background. Due to
differences between dust in the infrared and UV, it appears that the method outlined in
this paper is not the best way to move forward.
Since there are several reports of a soft X-ray excess in galaxy clusters (with data
from several telescopes), it may be prudent to continue in the direction that has so far
been used: looking for a soft X-ray excess and emission lines from gases in the UV.
This will require more sensitive equipment, however, leaving the task up to the next
generation of ultraviolet telescopes.
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Figure 4: MIS 01. Top left figure is a contour plot for the SKY image, top right for
the SFD image, bottom left for the DIFF image, and the lower right figure is a plot of
SKY vs. SFD. Legend represents starting point of contour values, with  representing
the mean (within 0.5 degrees of the center) and  the standard deviation. The X and
Y axis represent the pixel location. The black contour lines represent the cluster’s full
width at half maximum.
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Figure 5: MIS 02
25
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SKY
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SFD
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
DIFF
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
MIS_03
1.5 2.0 2.5 3.0 3.5
SFD (MJy / sr)
2.8
3.0
3.2
3.4
3.6
3.8
4.0
4.2
SK
Y 
(10
−
4  
ph
ot
on
s 
/ p
ixe
l /
 s
ec
on
d)
Figure 6: MIS 03
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Figure 7: MIS 04
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Figure 8: MIS 05
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Figure 9: MIS 06
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Figure 10: MIS 07
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Figure 11: MIS 08
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Figure 12: MIS 09
32
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SKY
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SFD
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
DIFF
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
MIS_10
1.4 1.6 1.8 2.0 2.2 2.4 2.6
SFD (MJy / sr)
2.5
3.0
3.5
4.0
4.5
SK
Y 
(10
−
4  
ph
ot
on
s 
/ p
ixe
l /
 s
ec
on
d)
Figure 13: MIS 10. The cluster near coordinate (2000,1000) is A2029.
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Figure 14: MIS 11
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Figure 15: MIS 12
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Figure 16: MIS 13
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Figure 17: MIS 14
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Figure 18: MIS 15
38
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SKY
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
SFD
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
0 1000 2000 3000
0
1000
2000
3000
X pixel
Y 
pi
xe
l
DIFF
3σ
2σ
1σ
µ
−1σ
−2σ
−3σ
MIS_16
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
SFD (MJy / sr)
4.0
4.5
5.0
5.5
6.0
SK
Y 
(10
−
4  
ph
ot
on
s 
/ p
ixe
l /
 s
ec
on
d)
Figure 19: MIS 16
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Figure 20: MIS 17
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Figure 21: MIS 18
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Figure 22: MIS 19
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Figure 23: MIS 20
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Figure 24: Sky background images for the Coma galaxy cluster. Integration times are
18620, 950, and 139 seconds respectively.
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Figure 25: Sky background images for the Fornax galaxy cluster. The X-ray emission
is dominated by two galaxies, which accounts for the shape of the full width at half
maximum. Integration times are 6556, 93, and 34936 seconds respectively.
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Figure 26: Sky background images for the Virgo galaxy cluster. Integration times are
491, 6252, and 1702 seconds respectively.
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